Prokaryotic mechanosensitive (MS) channels have an intimate relationship with 42 membrane lipids. Membrane lipids may influence channel activity by directly 43 interacting with bacterial MS channels or by influencing the global properties of the 44 membrane such as area stretch and bending moduli. Previous work has implicated 45 membrane stiffness as a key determinant of the mechanosensitivity of E. coli (Ec)MscS. 46 Here we systematically tested this hypothesis using patch fluorometry of azolectin 47 liposomes doped with lipids of increasing area stretch moduli. Increasing DOPE 48 content of azolectin liposomes causes a rightward shift in the tension response curve of 49 EcMscS. These rightward shifts are further magnified by the addition of stiffer forms 50 of PE such as the branched chain lipid DPhPE and the fully saturated lipid DSPE. 51 Furthermore, a comparison of the branched chain lipid DPhPC to the stiffer DPhPE 52 showed a rightward shift in the tension response curve in the presence of the stiffer 53
Introduction 63 The E. coli mechanosensitive (MS) ion channel of small conductance (EcMscS) is a 64 prototypical membrane tension sensor which plays a pivotal role in osmoregulation 1, 2 . bilayer and that the Mycobacterium tuberculosis MscL homologue specifically interacts 85 with phosphatidylinositol lipids 17 . In comparison bilayer thickness has little effect on 86 EcMscS 21 . We are only beginning to understand the structural basis of how lipids 87 directly interact with EcMscS 22, 23 but previous work suggests this channel may be 88 affected by global changes in bilayer stiffness. This is particularly evident when 89 EcMscS is reconstituted into bilayers containing increasing levels of cholesterol, a lipid 90 that increases the area expansion modulus of bilayers 21 . Increasing levels of cholesterol 91 cause the pressure threshold of EcMscS to increase. However, many of these studies 92 looking at the sensitivity of EcMscS use applied hydrostatic pressure as a surrogate for 93 in plane membrane tension, the parameter that has been shown to correlate most closely 94 with channel activation [24] [25] [26] . Furthermore, Piezo1 a eukaryotic mechanosensitive 95 channel that also senses membrane forces has recently been shown to be sensitive to 96 membrane stiffness [27] [28] [29] .
98
Here we investigated how the gating kinetics and tension sensitivity of EcMscS were 99 affected by adding defined amounts of lipids with different area expansion moduli to 100 azolectin membranes using patch fluorometry, a technique that combines confocal 101 microscopy and patch clamp electrophysiology 21, 26 . A small amount of a fluorescent 102 lipid such as rhodamine PE (<0.1% w/w), was mixed with the desired lipids to 103 accurately follow membrane deformation during patch clamping. By measuring the 104 radius of curvature, the in-plane membrane tension could then be calculated using 105 Laplace's law 30 . steps in increments of 10mmHg with a total of 10 steps] was higher. However, in both 197 DOPC/DOPE (50%/50%) and DOPC/DOPE (30%/70%), the saturation point (peak 198 current) of all EcMscS in the patch could not be reached prior to the membrane reaching 199 its physical limit. Thus, we could not reach peak current of EcMscS and consequently 200 could not accurately measure the tension sensitivity of EcMscS in these membranes.
201
However, we did notice that the gating of EcMscS was more 'flickery' in 70%/30% as 202 previously reported (Fig.1C ). We also attempted patch clamp experiments with EcMscS Table 1 .
216
The effect of DOPE on E. coli MscS threshold. 217 In order to overcome the issues associated with our pressure protocol and the fragility From the activation curve of EcMscS, when the concentration of DOPE in the 238 Azo/DOPE mixture increased, the midpoint tension also increased ( Fig.2A-D) . The (Table 2) . Importantly, in all our data sets there is no correlation 247 between the number of channels incorporated and the midpoint tension threshold (Table   248 2). The effect of stiffer forms of PE on E. coli MscS tension sensitivity 265 In order to further interrogate the impact of PE on EcMscS tension sensitivity we made 266 use of two forms of PE which are stiffer than DOPE namely DPhPE and DSPE (18:0) 267 ( Fig. 3B and D) . We found that adding 30% of DPhPE and DSPE to azolectin liposomes 268 caused a significant rightward shift in the tension response curve of EcMscS (Fig. 3E, 269 Table 2 ). The midpoint tension for EcMscS in the presence of 30% DPhPE and DSPE 270 were 6.1 ± 0.3 and 6.3 ± 0.2 mN/m, respectively. These rightward shifts were larger in 271 magnitude than measured for DOPE 30% (Fig. 3E , Table 2 
276
3C and E, Table2). The channel flickering also occurred when EcMscS was reconstituted in Azo/DPhPE 296 (70%/30%) ( Fig.3B ) but not in Azo/DSPE (70%/30%). This suggests that different 297 membrane parameters drive the tension sensitivity changes and the kinetic changes.
278

Figure 3 The effect of DOPE, DPhPE, PE(16:1), and DSPE on the tension sensitivity
299
The effect of increasing PC content on E. coli MscS threshold. 300 We also undertook analogous experiments using PC. E. coli MscS reconstituted into Table 2 ).
305
The channel number in Azo/DOPC (70%/30%) liposomes was much lower than in 306 almost all other groups tested with one exception. In the case of Azo/DSPC (70%/30%) 307 from 10 patches from three separate reconstitutions we could not identify any EcMscS 308 activity. We compared the tension sensitivity of EcMscS in 30% DPhPC to 30% DOPC and a 324 clear rightward shift was observed (Fig. 4C) . The midpoint tension of 30% DPhPC and 325 DPhPE were 4.8 ± 0.4 mN/m and 6.1 ± 0.3 mN/m, respectively (Fig. 4D) In all of the cases tested the tension sensitivity of EcMscS correlates with both the area 332 expansion moduli of the lipids (higher the area expansion moduli the higher the tension 333 required for channel opening) and the bending rigidity (higher the bending rigidity the 334 higher the tension required for channel opening). In order to see which physical 335 parameter is more important we made use of polyunsaturated acyl chains. In particular 336 we looked at azolectin liposomes doped with PC18:1 and PC18:3. The area expansion 337 moduli of these lipids are almost identical when measured in vitro but the bending 338 rigidity of PC18:3 is half that of PC18:1 36 . We find that the midpoint tension threshold 339 of EcMscS in Azo/PC18:3(70%/30%) is very similar to that of azo/PC18:1(70%/30%).
340
This provides further evidence that area expansion modulus and not bending rigidity is 341 the key determinant of EcMscS activity. Rebound activity of EcMscS after removal of mechanical stimuli 357 We noted that on many occasions after the removal of pressure there was a rebound 358 reactivation of EcMscS channels. Figures 6A-B show examples of this rebound activity. 359 We sought to quantitate whether this rebound activity was more or less common in 360 certain lipid groups and found that the highest levels of rebound activation were in 361 liposomes composed of PC lipids. As the levels of PE, particularly stiffer PE types such 362 as DSPE (18:0), increased we saw almost no rebound activation of MscS (Fig. 6C ). both of which are much stiffer branched lipids. In fact we also know that DPhPE is 405 much stiffer than DPhPC 38 and again we can see that the 30% DPhPE group has a 406 higher midpoint tension threshold than the 30% DPhPC group. This is highly unlikely 407 to be a chain length effect as our work in addition to previous work has conclusively 408 shown that chain length does not markedly affect EcMscS tension sensitivity, as it does 
